We have determined if peripheral nerve stimulation altered the increased spontaneous release of immunoreactive (ir)-galanin that is found in the superficial dorsal horn of the spinal cord of neuropathic rats. Using the antibody microprobe technique to study the localized sites of ir-galanin release in vivo, we found that high intensity electrical stimulation of the injured nerve resulted in a further increase in ir-galanin release in the superficial dorsal horn, with no significant persistence of ir-galanin after release. Release of ir-galanin at stimulus strengths sufficient to activate C fibres, in an area of the spinal cord thought to be concerned with nociceptive transmission, indicates a possible role for this peptide in the spinal modulation of pain after peripheral nerve injury. (Br. J. Anaesth. 1998; 81: 436-443).
It is well known in the clinical setting that damage to a peripheral nerve can result in neuropathic pain. The underlying pathophysiology of these chronic pain states is unclear, but animal models are proving useful in helping to understand the peripheral and central changes that occur after nerve injury. In rats, after peripheral nerve injury, there is evidence of altered behavioural responses suggestive of hyperalgesia and allodynia. Electrophysiological changes have been described in the spinal cord, with evidence of increased spontaneous and evoked activity that may underlie these behavioural changes. [1] [2] [3] [4] After peripheral nerve injury, marked changes occur in neuropeptide synthesis in dorsal root ganglion cells and in neuropeptide concentrations in the spinal cord. [5] [6] [7] Synthesis of galanin, neuropeptide Y and vasoactive intestinal peptide (VIP) are markedly up-regulated, while substance P (which is normally thought to be concerned with nociceptive transmission 8 9 ) is significantly down-regulated, as are calcitonin gene-related peptide (CGRP) and somatostatin. 10 11 In this investigation, we have studied galanin. There is some evidence from behavioural and electrophysiological studies that galanin acts predominantly as an inhibitory compound after nerve injury, and therefore it may be useful in the treatment of neuropathic pain syndromes. 12 In the spinal cord of normal rats, high concentrations of galanin have been found in the superficial dorsal horn, with moderate amounts around the central canal, dorsolateral funiculus and ventral horn. [13] [14] [15] Although most of this galanin was thought to originate from intrinsic neurones of the spinal cord, a variable amount has been reported to arise from the termination of small primary afferent neurones. 6 13 16-19 The distribution of galanin binding sites in the spinal cord correlates well with the distribution of the peptide itself, as high affinity binding has been found in the superficial dorsal horn and around the central canal. 20 21 Molecular studies of galanin receptors have found at least three subtypes. [22] [23] [24] In the superficial dorsal horn, high concentrations of galanin receptor 1 (galR1) have been found, with both galR1 and galR2 being found on small cells of the dorsal root ganglia. [25] [26] [27] The close correlation between galanin distribution and its receptors may indicate that its main site of action is close to its site of release, although significant persistence of galanin after its release could result in more widespread effects.
The functional role of primary afferent contained galanin in the normal animal is unclear as innocuous or noxious peripheral stimulation do not result in central release of ir-galanin. 28 29 After nerve injury, galanin synthesis was significantly increased in small to medium sized cells in the dorsal root ganglia, 5 30 31 with a corresponding increase in ir-galanin in the dorsal horn, particularly in laminae I-III. 32 33 There are several possible explanations for the increase in ir-galanin concentrations in the spinal cord after nerve injury. It could result from increased synthesis, central transport and release by primary afferent neurones. Alternatively, it could arise from the response of intrinsic neurones to altered input, as either increased synthesis or inhibition of release could lead to an apparent increase in galanin in the dorsal horn. Another possibility is that degradation of ir-galanin is inhibited in the superficial dorsal horn, for example by some of the other substances that appear in the spinal cord after nerve injury. Therefore, it is important to study release, and per-sistence after release. Our experiments were carried out to determine what changes occur in the release of ir-galanin in the dorsal horn of rats as a result of peripheral nerve injury. We have shown previously that basal ir-galanin release was increased in the superficial dorsal horn of neuropathic rats on the side of nerve injury. 34 In this study, we have investigated ir-galanin release evoked by stimulation of the peripherally injured nerve.
Materials and methods

ANIMAL PREPARATION
The study was carried out under Home Office Licence No. PPL 60/1146, and the guidelines for the care of experimental animals set out by the International Association for the Study of Pain were followed. 35 
Preparation of neuropathic model
Peripheral neuropathy was induced in 12 male Wistar rats (200-320 g) (Charles River Ltd, UK), as described by Bennett and Xie. 36 In rats anaesthetized with sodium pentobarbitone 40-50 mg kg 91 i.p., the sciatic nerve was exposed by an incision at the mid thigh level, four 4/0 chromic gut sutures were placed loosely around it, and then tissue layers closed with 4/0 vicryl, using full aseptic technique. All animals were housed with free access to food and water, under controlled conditions of light and temperature. Regular monitoring of postoperative development of neuropathic pain behaviour was carried out in all animals.
Behavioural assessment
The main aim of behavioural testing was to establish that all rats in which ir-galanin release was studied displayed signs of neuropathic pain. A combination of tests was used, with the rats allowed to acclimatize, unrestrained, on a cage lid. Von Frey nylon filaments (Stoelting, Ill, USA) were used to assess the degree of mechanical allodynia by establishing the lowest threshold to which the animal withdrew its hindpaw. The lowest threshold filament at which paw withdrawal occurred was established. An upper limit of force of 46.54 g was used, as beyond this stiffness the filament lifted the paw from the floor.
Duration of hindpaw withdrawal to pinprick on the plantar surface of each hindpaw was used as a measure of mechanical hyperalgesia, as described by Tal and Bennett. 37 The stimulus was delivered only once to each hindpaw during any test session, and the total number of test sessions was limited. This was done to avoid confounding factors that may arise from repeated noxious stimulation.
Student's paired t test was used to compare the differences between hindpaws at each time for both paw withdrawal threshold and duration.
ANTIBODY MICROPROBE TECHNIQUE 38
Antibody microprobe preparation Fine glass micropipettes, with a tip diameter of approximately 10 m, were coated with rabbit anti-rat galanin antiserum (Peninsula, CA, USA). A detailed description of this technique can be found in Duggan. 39 Briefly, the glass micropipettes were heat sealed, incubated in a 10% solution of aminopropyltriethoxysilane (Sigma) in toluene to coat the outer surface of each microprobe with a fine granular siloxane polymer layer, and then protein A (Sigma) was immobilized on the outer surface by glutaraldehyde coupling. Immunoglobulins in galanin antiserum were bound by protein A to coat the outer surface of the microprobes with galanin antibodies. These coated microprobes can bind endogenous galanin, at localized sites of release, that is detected by subsequent inhibition of binding of exogenous radiolabelled 125 I-galanin (Peninsula, CA, USA).
In vitro tests
Prior to commencing in vivo work, in vitro assays were carried out to determine the specificity and sensitivity of the immobilized galanin antibody by measuring the degree of inhibition of 125 I-galanin binding by related peptides or varying concentrations of unlabelled galanin. The amino acid sequence of galanin is quite different from that of opioid peptides 40 making cross-reactivity extremely unlikely. For this reason neither in vitro testing carried out in our laboratory nor the manufacturer's data studied opioid peptides in relation to galanin antiserum.
Ir-galanin release experiments
At 10-14 days after ligature placement, rats with behavioural evidence of neuropathic pain were used to study ir-galanin release in the lumbar spinal cord. As previous studies 34 have shown no effect of peripheral nerve injury on spontaneous ir-galanin release in the spinal cord contralateral to the side of injury, microprobes inserted into the contralateral side of the cord were used as controls for microprobes inserted ipsilateral to the nerve injury.
In rats anaesthetized with urethane 1.25 g kg 91 i.p. with supplements as required, arterial pressure was monitored continuously, humidified supplementary oxygen was given and body temperature maintained at 36-38ЊC using a thermostatically controlled heating system. In those animals where paralysis was required (during stimulation of C fibres), vecuronium 1 mg kg 91 provided neuromuscular block and a Harvard animal ventilator was used to ventilate the lungs at a rate of approximately 80 bpm.
The lumbar spinal segments, L2-6, were exposed and after the dura was removed, sterile, warmed Ringer's solution irrigated continuously the exposed cord. The ligated sciatic nerve was dissected, covered in warmed paraffin oil and mounted on platinum stimulating electrodes, proximal to the injury. The optimal site for microprobe insertion was determined by nerve stimulation at a low intensity, while measuring the resultant field potentials at a variety of rostrocaudal positions on the spinal cord. Microprobes were then inserted into the area where the largest field potential was measured.
Two different stimulus variables were used to study the effects of peripheral stimulation on release of ir-galanin in the spinal cord: (i) stimulation of large myelinated fibres at 2 Hz, 3 threshold, 0.1 ms pulse duration; and (ii) additional stimulation of small myelinated and unmyelinated fibres at 2 Hz, 50 threshold, 0.1 ms pulse duration. Electrical stimulation with defined variables was used, as opposed to natural stimuli. It was felt that this more quantitative method of stimulation would allow valid comparison between rats.
Using a micromanipulator, each microprobe was inserted to a depth of 2.25 mm, 500 m from the midline, into the dorsal spinal cord, thus placing the tip in the lower ventral horn. Microprobes were inserted in both sides of the cord and left in place for 15 min to allow adequate binding of extracellular galanin present in the cord. After removal from the spinal cord, microprobes were washed in cold phosphate-buffered saline containing 0.1% Tween 80 to reduce levels of non-specific binding and then incubated for 24 h at 4ЊC in a solution of radiolabelled 125 I-galanin. After washing, the distal portions of microprobes were placed in an x-ray film cassette with a sheet of monoemulsion film (Kodak NMC) for 8-10 days to produce an individual autoradiographic image of each microprobe. To calibrate microprobe depth accurately within the cord, pontamine sky blue was ejected ionophoretically into the cord at a known depth and the exact position of the dye spot measured in post mortem sections of the spinal cord. 41 A computerized image analysis system was used to analyse the autoradiographic images obtained from microprobes inserted into the spinal cord. In vitro microprobe images for each experiment were also analysed as controls. Binding of endogenous galanin resulted in deficits in binding of 125 I-labelled galanin that were detected as localized decreases in optical density by the analysis system. An Imaging Technology PC vision Plus frame grabber board was used to integrate optical density at 10-m intervals. For each microprobe, a plot of grey scale (i.e. total optical density) against depth of the probe in the spinal cord was obtained. Thus areas where endogenous galanin had bound to the microprobe were shown by areas of low optical density and a low grey scale value.
Analysis of microprobes
The mean values for defined groups of microprobes were plotted as the mean (SEM) of the grey scale values at 30-m intervals against depth within the spinal cord. Each site on the probe was treated as being independent of other sites and thus comparisons between each site were made. Statistical significance was assigned to each site using the Student's unpaired t test, and t values obtained were plotted against depth within the spinal cord. P:0.05 was taken as statistically significant.
Results
BEHAVIOURAL TESTING
The characteristic changes in gait and hindpaw position were apparent in all animals from day 3 after nerve ligation. A limp was evident and the paw held such that only the medial aspect touched the cage floor when walking. The foot was everted with the toes tightly ventroflexed, and there was evidence of abnormal grooming behaviour. The paw withdrawal threshold to Von Frey hairs and duration of paw withdrawal to pinprick are shown in table 1.
Both tests showed altered behavioural responses to mechanical stimulation on the side of the nerve injury. Thus all animals used in the galanin release experiments had evidence of mechanical allodynia and hyperalgesia on the day of the experiment, combined with characteristic gait changes.
RELEASE STUDIES
In vitro testing
The galanin antibody used was C-terminus directed and showed approximately 40% cross-reactivity with porcine galanin (manufacturer's data and confirmed by in vitro testing). Several other peptides that are found in the dorsal horn were studied for crossreactivity. There was no evidence of cross-reactivity between the galanin antiserum and neuropeptide Y, vasoactive intestinal peptide or substance P. Sensitivity tests found greater than 90% suppression with galanin 10 95 mol litre 91 and approximately 40% suppression with galanin 10 99 mol litre
91
, indicating that in vivo sensitivity was adequate to detect significant areas of galanin release in the spinal cord.
Microprobes inserted into the spinal cord in the absence of peripheral stimulation
The mean image analyses of microprobes inserted into both sides of the spinal cord in the absence of active peripheral stimulation were studied ( fig. 1 ). These observations were consistent with previous results 34 that showed an increased area of spontaneous ir-galanin release on the side ipsilateral to nerve injury. This peaks in the superficial dorsal horn in the area where small primary afferent neurones normally terminate. 
Microprobes inserted into the spinal cord during peripheral nerve stimulation
Electrical stimulation of large myelinated fibres. The mean image analysis of microprobes inserted into the right side of the spinal cord (ipsilateral to the nerve injury) before any peripheral stimulus and during 15 min of electrical stimulation is shown in figure 2 . A stimulus sufficient to activate large myelinated fibres was used. There was no difference between groups. Thus electrical stimulation of the injured nerve at a stimulus strength sufficient to activate mainly Aß fibres did not alter the release pattern of ir-galanin in the spinal cord from that seen in the basal state.
No change in the pattern of ir-galanin release from that found under basal conditions was seen on the contralateral side of the cord during electrical stimulation of Aß fibres in the injured nerve.
Electrical stimulation of both myelinated and unmyelinated fibres.
The mean image analysis of microprobes inserted into the side of the spinal cord ipsilateral to nerve injury without any concurrent peripheral stimulus was compared with that of microprobes inserted during 15 min of high threshold electrical stimulation ( fig. 3 ). Ir-galanin release was increased by this stimulus, with a peak in the superficial dorsal horn. This occurred in a similar area to the increased spontaneous ir-galanin release found in neuropathic rats compared with normal rats. In addition, this increase in ir-galanin release occurred in the area where the small primary afferent fibres terminate, consistent with the idea that the source of the new area of ir-galanin release in neuropathic rats is from small primary afferent fibres.
High threshold peripheral nerve stimulation did not alter the basal pattern of ir-galanin release on the contralateral side of the spinal cord, which was similar to that found in normal rats.
Microprobes inserted into the spinal cord after peripheral stimulation
The mean image analysis of microprobes inserted at 15-min intervals for up to 2 h after peripheral stimulation ceased, was compared with that of microprobes inserted under basal conditions. There were no differences between groups at any point within the spinal Figure 1 Effects of a peripheral nerve lesion on basal ir-galanin release: comparison of microprobes inserted into the ipsilateral and contralateral side of the spinal cord of neuropathic rats. Microprobes were inserted into the spinal cord for 15 min without concurrent peripheral stimulus. A: Mean (SEM, broken lines) image analysis of microprobes inserted into the ipsilateral and contralateral sides of the spinal cord relative to the nerve injury, which is on the right side. The mean image analysis of microprobes inserted on the ipsilateral side is displaced above that of microprobes inserted into the contralateral side, indicating an increase in ir-galanin release under basal conditions. B: Differences between the ipsilateral and contralateral groups of microprobes are shown as t statistics relative to depth in the spinal cord. The diagram of rat lumbar spinal cord is modified from Molander, Xu and Grant. 63 The hatched area shows a significant (P:0.05) increase in ir-galanin release on the side of the cord ipsilateral to nerve injury. cord. This indicates that in the time scale studied, there was no evidence for persistence of ir-galanin in the dorsal horn ( fig. 4 ). However, it is possible that released ir-galanin could persist for some minutes, as temporal resolution of the microprobes is limited by the fact that they have to be inserted for 15 min to allow adequate binding. Despite this limitation, our results with ir-galanin are different from those of other peptides studied using the same technique. Neurokinin A and neuropeptide Y, for example, have been shown to persist and spread to sites distant from release, sometimes for hours after stimulated release. 42 43 Microprobes inserted in the contralateral side of the cord showed no alteration in the pattern of release found under basal conditions during the course of the experiment.
Discussion
The main finding of this study was that ir-galanin release was increased in the superficial dorsal horn after high threshold electrical stimulation of the damaged nerve. This release occurred in the same area of the dorsal horn as increased spontaneous ir-galanin release in neuropathic rats, compared with normal rats. There was no evidence of persistence after evoked release.
SOURCE OF IR-GALANIN
It is important to consider the source of increased ir-galanin release. Possible sources of release include primary afferent neurones, intrinsic neurones of the dorsal horn or descending spinal tracts. Although it has been demonstrated in this study and in others 28 that there is extensive basal release of ir-galanin in normal rats, this is unlikely to be from primary afferent neurones for several reasons. First, there are very low levels of galanin mRNA in the dorsal root ganglia 6 16 and second, peripheral innocuous and noxious stimulation does not alter basal ir-galanin release in the spinal cord of normal rats or cats. 28 29 The major difference in the neuropathic rats was that stimulation of high threshold neurones (A-delta and C fibres) resulted in a significant increase in ir-galanin in the superficial dorsal horn, unlike that in There was no decrease in optical density of those probes inserted afterwards compared with those inserted under basal conditions. B: Differences between the basal and post-stimulus groups of microprobes are shown as t statistics relative to depth in the spinal cord. There was no significant difference between groups, thus providing no evidence for long-term persistence of ir-galanin after C fibre-evoked release.
normal animals. 28 29 Other studies have shown dramatically increased galanin synthesis after nerve injury in small primary afferent cells that normally terminate in the superficial dorsal horn. 5 11 There is also immunohistochemical evidence that the increase in intra-axonal galanin concentrations in the dorsal horn after nerve injury arises from central transport from the cell bodies in the dorsal root ganglia. 44 Our results indicate that evoked release of ir-galanin in the superficial dorsal horn of neuropathic rats is likely to arise from small primary afferent neurones. It is also likely that the significantly increased spontaneous release of ir-galanin previously found in the superficial dorsal horn of neuropathic rats arises from these primary afferent neurones, which have been shown to have increased central transport of ir-galanin after nerve injury. 45 If the increase in spontaneously released ir-galanin arises from primary afferent neurones, one explanation is that abnormal activity, developing in the primary afferent neurones, provides a stimulus for release. There is increasing evidence that after nerve injury, primary afferent neurones behave abnormally, with generation of spontaneous ectopic activity at the nerve injury site 46 47 and at the cell bodies in the dorsal root ganglia. 48 49 As these afferents are firing spontaneously, it is possible that the spontaneous central release of ir-galanin is caused by these abnormal impulses.
FUNCTIONAL SIGNIFICANCE OF IR-GALANIN RELEASE
The functional significance of galanin and its subsequent effects on neural transmission are not clear, with evidence of both inhibitory 50 51 and excitatory 52 53 effects, including potentiation of the inhibitory effects of morphine. 54 Its presence in the superficial dorsal horn and increased release after nerve injury implies that it may have an important role in the processing of nociceptive information. Our study found that high intensity stimulation of the injured nerve was necessary to evoke ir-galanin release in the spinal cord. Although this is a very potent stimulus, and as such may not represent a "physiological" effect, it helps to support the hypothesis that released ir-galanin arises from small diameter primary afferent neurones. The possible functional effects of released ir-galanin in the spinal cord must be considered. After peripheral nerve injury, behavioural and electrophysiological studies show a greater inhibitory action of galanin. Therefore, it may be more important as an inhibitor of ongoing neuronal activity only after peripheral nerve injury. 12 55 The lack of persistence and spread of released ir-galanin provides a further indication that it acts in or close to its area of release, that is in an area of the dorsal horn thought to be important in the processing of nociceptive inputs.
It must also be considered that galanin may in fact be involved in the development of central sensitization accompanying neuropathic pain. There is a correlation between the rate of ectopic discharge and the degree of spontaneous pain. 56 57 If spontaneously occurring ectopic discharges are causing ir-galanin release, then released galanin could be causing spontaneous pain.
Alternatively, galanin may be not be acting as a neurotransmitter, but may be involved in the reorganizational changes that occur in the dorsal horn after nerve injury. 58 Enhancement of central regeneration of primary afferent neurones has been found after axotomy and nerve crush. 59 Large myelinated fibres have been shown to sprout from deeper in the dorsal horn up to laminae I-II, [60] [61] [62] with some evidence of synaptic contacts being formed in these superficial areas. Thus, there is anatomical evidence of altered primary afferent connections in the same area as increased release of ir-galanin. If such stimuli result in ir-galanin release in nerve-injured animals, it almost certainly represents release from primary afferents.
In summary, increased release of ir-galanin in the superficial dorsal horn on the side ipsilateral to a peripheral nerve injury suggests that it plays a greater role in spinal processing in this abnormal state. Spontaneous release of galanin and increased release during stimulation of small diameter primary afferents indicate a role in the processing of nociceptive information. Galanin, or a galanin analogue, may provide a potential new treatment for neuropathic pain syndromes, perhaps by using an endogenous analgesic system similar to that found with opioid peptides. However, further studies are required to elucidate the precise functional role of galanin released into the spinal cord.
